The role of combination antibiotic therapy with a beta-lactam and a fluoroquinolone for bacteremia caused by gram-negative bacilli, to our knowledge, has not been previously described. Much of the previous study of combination therapy has included beta-lactams and aminoglycosides. We conducted a large retrospective cohort study to evaluate 28-day all-cause mortality in patients with monomicrobial bacteremia due to aerobic gram-negative bacilli who received either a combination of beta-lactams and fluoroquinolones or beta-lactam monotherapy. We enrolled adult patients admitted to Mayo Clinic hospitals from 1 January 2001 to 31 October 2006 in the study. After stratification of patients by Pitt bacteremia scores, we used Cox regression models to estimate the hazard ratios (HR) for 28-day all-cause mortality after adjusting for the propensity to receive combination therapy. We identified 398 and 304 unique patients with bacteremia caused by gram-negative bacilli who received single and combination antibiotic therapy, respectively. In less severely ill patients with Pitt bacteremia scores of <4, combination therapy was associated with lower 28-day mortality than single therapy The efficacy of combination antimicrobial therapy in patients with bacteremia caused by gram-negative bacilli has been previously examined. The majority of studies have included beta-lactam and aminoglycoside antibiotic combinations. Overall, there was no significant reduction in mortality with beta-lactam and aminoglycoside combinations compared to beta-lactam monotherapy in patients with bacteremia caused by gram-negative bacilli (16, 18, 25) . However, decreased mortality was demonstrated in subgroups of patients with Pseudomonas aeruginosa bacteremia (4, 14, 25) and critically ill patients with Klebsiella species bacteremia (17). A clinical benefit with combination therapy was also seen in neutropenic patients with bacteremia caused by gram-negative bacilli (10, 18). As a result, beta-lactam and aminoglycoside combination therapy has been frequently used in patients with P. aeruginosa bacteremia, but not in patients with bacteremia due to other gram-negative bacilli (6). This approach is particularly useful in patients with risk factors for P. aeruginosa bacteremia for whom combination therapy is started empirically; otherwise, there is little benefit if the decision to start combination therapy is delayed until a gram-negative organism in blood cultures is identified (4, 14, 15) . In addition, due to the potential drug-related adverse events associated with aminoglycosides in critically ill patients, particularly nephrotoxicity, empirical use of these drugs has been limited (21, 26) .
The efficacy of combination antimicrobial therapy in patients with bacteremia caused by gram-negative bacilli has been previously examined. The majority of studies have included beta-lactam and aminoglycoside antibiotic combinations. Overall, there was no significant reduction in mortality with beta-lactam and aminoglycoside combinations compared to beta-lactam monotherapy in patients with bacteremia caused by gram-negative bacilli (16, 18, 25) . However, decreased mortality was demonstrated in subgroups of patients with Pseudomonas aeruginosa bacteremia (4, 14, 25) and critically ill patients with Klebsiella species bacteremia (17) . A clinical benefit with combination therapy was also seen in neutropenic patients with bacteremia caused by gram-negative bacilli (10, 18) . As a result, beta-lactam and aminoglycoside combination therapy has been frequently used in patients with P. aeruginosa bacteremia, but not in patients with bacteremia due to other gram-negative bacilli (6) . This approach is particularly useful in patients with risk factors for P. aeruginosa bacteremia for whom combination therapy is started empirically; otherwise, there is little benefit if the decision to start combination therapy is delayed until a gram-negative organism in blood cultures is identified (4, 14, 15) . In addition, due to the potential drug-related adverse events associated with aminoglycosides in critically ill patients, particularly nephrotoxicity, empirical use of these drugs has been limited (21, 26) .
With the increase in antibiotic resistance among gram-negative bacilli, use of combination antibiotic therapy for bacteremia caused by gram-negative bacilli has reemerged. Studies have shown that inappropriate antimicrobial treatment can be reduced with empirical administration of combination therapy (19) . Despite the increasing use of fluoroquinolones due to their relatively broad spectrum of antimicrobial activity and an acceptable safety profile, the inclusion of fluoroquinolones in combination antimicrobial regimens for bacteremia caused by gram-negative bacilli, to our knowledge, has not been exclusively studied. A meta-analysis showed comparable mortality, favorable clinical outcomes, and less nephrotoxicity with ciprofloxacin and beta-lactam combinations than with aminoglycoside and beta-lactam combinations in patients with febrile neutropenia (3) . Recent studies also showed that the combination of a fluoroquinolone with a beta-lactam had in vitro and in vivo synergy against extended-spectrum betalactamase-producing Escherichia coli and P. aeruginosa isolates, respectively (8, 22) . This combination contributed less frequently than did monotherapy to in vitro selection for resistance in three different gram-negative bacilli (8, 9) .
We hypothesized that the empirical use of fluoroquinolones in combination with beta-lactam antibiotics, prior to identification of the gram-negative bacilli and availability of susceptibility results, decreases mortality in patients with bacteremia caused by gram-negative bacilli compared to single-beta-lactam treatment. The primary aim of this cohort study was to compare the 28-day all-cause mortality in adult patients with bacteremia caused by gram-negative bacilli who received a combination of beta-lactam and fluoroquinolone antibiotics to that in patients who received single-beta-lactam treatment after stratification by acute severity of illness.
(A poster of this study was presented at the 108th General Meeting of the American Society for Microbiology, 4 June 2008, Boston, MA.)
MATERIALS AND METHODS
Setting. The study was conducted at two Mayo Clinic hospitals: Saint Mary's Hospital and Rochester Methodist Hospital, located in Rochester, MN. Both are large tertiary-care hospitals that have a combined total of over 1,950 licensed beds and provide care for local residents, as well as referral patients, in a wide variety of medical and surgical subspecialties. The study was approved by the institutional review board at the Mayo Clinic, Rochester, MN.
Case definition. Bacteremia caused by gram-negative bacilli in this study was defined as the growth of any aerobic gram-negative bacillus in a blood culture. Monomicrobial bacteremia caused by gram-negative bacilli was defined as the growth of only one gram-negative bacillus in a blood culture, and polymicrobial bacteremia was defined as the growth of more than one organism in a blood culture, excluding coagulase-negative staphylococci, Corynebacterium spp., and Propionibacterium spp. Cases were classified according to the site of acquisition into nosocomial, health care associated, and community acquired (11) . The primary source of bacteremia was defined using the Centers for Disease Control and Prevention criteria (12) .
We defined single-antibiotic therapy as the administration of only beta-lactam antibiotics with activity against gram-negative bacilli within 24 h of obtaining blood cultures that was continued for a minimum duration of 48 h. Combination antibiotic therapy was defined as the use of two antibiotics, with one being a beta-lactam with activity against gram-negative bacilli and the other a fluoroquinolone, with both started within 24 h of obtaining blood cultures and given for a minimum duration of 48 h. Beta-lactam antibiotics with activity against gram-negative bacilli in this study included piperacillin-tazobactam, ticarcillin-clavulanate, aztreonam, imipenem-cilastin, meropenem, ertapenem, cefepime, ceftazidime, ceftriaxone, cefotaxime, cefixime, and cefoxitin. Fluoroquinolone antibiotics included ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin.
Critically ill patients were defined as those who had Pitt bacteremia scores of Ն4, and less severely ill patients were defined as those with Pitt bacteremia scores of Ͻ4 (20) .
Case ascertainment. A cohort of 2,362 consecutive episodes of monomicrobial bacteremia caused by gram-negative bacilli from 1 January 2001 to 31 October 2006 was retrospectively identified using the Mayo Clinic microbiology laboratory database, and all were considered for inclusion in the study. We excluded patients without valid research authorization (n ϭ 57), patients with recurrent episodes of bacteremia caused by gram-negative bacilli (n ϭ 252), patients with Haemophilus sp. bacteremia (n ϭ 34), patients younger than 18 years old (n ϭ 118), and those who were treated in the outpatient setting (n ϭ 44). The computer-based antimicrobial-monitoring (CBAM) program at our institution was used to identify hospitalized patients who met our definitions of single-and combination antibiotic therapy. Patients who did not meet the criteria for either single or combination therapy, including those for whom either beta-lactams or fluoroquinolones were started more than 24 h after blood cultures were obtained (n ϭ 249) and patients to whom either class of antibiotics was given for less than a total duration of 48 h (n ϭ 348), were excluded. Patients who received singlefluoroquinolone treatment (n ϭ 362) and those who received classes of antibiotics with activity against gram-negative bacilli other than beta-lactams and fluoroquinolones, excluding trimethoprim-sulfamethoxazole prophylaxis (n ϭ 196), were also excluded. The principal investigator (M.N.A.-H.) reviewed the antibiotic database generated by the CBAM program during the index admission for each patient to confirm that they fulfilled the criteria for inclusion in the study. The principal investigator (M.N.A.-H.) also reviewed the dosages of antibiotic regimens to ensure that included patients received at least the minimum recommended dose based on the respective creatinine clearance, if renally cleared, according to the institution's CBAM guidelines. The computer programmer was blinded to the study hypothesis, and both the principal investigator and the computer programmer were blinded to the primary outcome of patients during the case ascertainment phase of the study. We identified 398 and 304 unique patients with first episodes of monomicrobial bacteremia caused by gramnegative bacilli during the study period who met our definitions for single and combination therapy, respectively.
Statistical analysis. Descriptive statistics were used to summarize the data: means and standard deviations for continuous variables and counts and percentages for categorical variables. The chi-square or Fisher's exact test was used to assess for associations between categorical variables and treatment arm, while the Wilcoxon rank-sum test was used to assess for differences in continuous variables between the two treatment groups. Because the Pitt bacteremia score has been shown to be a reliable predictor of mortality in patients with bacteremia caused by gram-negative bacilli (1, 17, 20) , all analyses were stratified on acute severity of illness as measured by the Pitt bacteremia score.
The primary objective was to compare the 28-day all-cause mortality between patients who received a combination of beta-lactam and fluoroquinolone antibiotics within 48 h of the onset of bacteremia and those who received singlebeta-lactam treatment. Patients were followed for 28 days from the onset of bacteremia caused by gram-negative bacilli or until the last health care encounter. Death was confirmed by reviewing medical records and the Minnesota death registry database. Patients who were lost to follow up within 28 days of the onset of bacteremia were censored at the date of the last health care encounter. To compare 28-day mortality between single and combination therapies for both strata (Pitt bacteremia scores of Ͻ4 and Ն4) separately, a propensity score approach was used to adjust for differences in baseline clinical characteristics across the two treatment groups. First, for each stratum, multivariable logistic regression was utilized to estimate the propensity for being treated with a combination of beta-lactams and fluoroquinolones. Baseline clinical characteristics were included in the multivariable logistic model if the P value for a univariate association with the treatment arm was less than or equal to 0.10. Although the identification of a gram-negative blood culture isolate, the results of in vitro antimicrobial susceptibility tests, and the primary source of bacteremia may not have been available to physicians at the time a treatment decision was made for all patients in the cohort, these variables were included in the propensity score model, as they could be indirectly implied from a patient's past medical history or past exposures. Subsequently, the logit-transformed predicted probabilities of receiving combination therapy were used as a covariate in the Cox proportionalhazards regression models. Cox proportional-hazards regression was used to compare 28-day all-cause mortality rates between the two treatment arms, adjusting for the propensity for being treated with combination therapy. Equivalently, 14-day all-cause mortality was also assessed. Hazard ratios (HR) and 95% confidence intervals (CI) were reported. SAS software version 8 (SAS Institute Inc., Cary, NC) was used for all statistical analyses, and an alpha level was set at 0.05 for statistical significance. All aspects of the study's primary aim were prespecified prior to data collection.
To determine whether the effect of combination therapy was due to a greater likelihood of receiving at least one antibiotic with in vitro activity against a gram-negative isolate in a blood culture or to a possible additive or synergistic effect of two active antibiotics, we performed an additional post hoc analysis. We compared the 28-day mortality in patients with bacteremia caused by gramnegative bacilli who received two antibiotics with in vitro activity against the gram-negative isolate to that in patients who received only one antibiotic with in vitro activity. We used the same propensity score model and stratification method discussed above for this analysis. Finally, we compared the incidences of Clostridium difficile colitis and infections due to resistant gram-positive organisms, including methicillin-resistant Staphylococcus aureus, and multidrug-resistant gram-negative bacilli during the index admission for patients who received single and combination therapy. Tables 1 and 2 There was a significant association between therapy type and the gram-negative organism isolated in the blood culture in patients with Pitt bacteremia scores of Ͻ4, but not in patients with Pitt bacteremia scores of Ն4. For patients with Pitt bacteremia scores of Ͻ4, combination therapy patients had a higher percentage of E. coli and Pseudomonas species, whereas single-therapy patients had a higher percentage of Klebsiella species. Likewise, there was a significant association between therapy type and the primary source of bacteremia only in patients with Pitt bacteremia scores of Ͻ4. For patients with Pitt bacteremia scores of Ͻ4, the most common source of bacteremia for patients who received combination therapy was urinary, whereas the most common source for patients who received single therapy was gastrointestinal. In addition, patients with Pitt bacteremia scores of Ͻ4 who received combination therapy were significantly less likely to have a current diagnosis of cancer and had higher serum creatinine levels at the onset of bacteremia than those who received single therapy. On the other hand, patients with Pitt bacteremia scores of Ն4 who received combination therapy were more likely to be immunocompromised than patients who received single therapy.
RESULTS
The most frequent empirically used beta-lactam antibiotics within 48 h from onset of bacteremia in this study were piperacillin-tazobactam (38.8%), cefepime (36.2%), meropenem (9.2%), ceftriaxone (4.4%), imipenem-cilastin (2.1%), ceftazidime (1.8%), and ertapenem (1.0%), while the most frequently used fluoroquinolone antibiotics in combination therapy were levofloxacin (52.5%) and ciprofloxacin (46.2%). Combination antimicrobial therapy with beta-lactams and fluoroquinolones was used for a median duration of 3 days (range, 2 to 21 days). Only 31 of 304 patients (10.1%) who received fluoroquinolone antibiotic combinations in our study had bacteremia due to fluoroquinolone-resistant gram-negative bacilli.
The unadjusted 28-day all-cause mortalities for patients with bacteremia caused by gram-negative bacilli who received single and combination therapy were 8.8% (28 of 319) and 4.2% (9 of 214), respectively, for patients with Pitt bacteremia scores of Ͻ4 and 27.8% (22 of 79) and 25.6% (23 of 90) for patients with Pitt bacteremia scores of Ն4 who received single and combination therapy, respectively (Fig. 1) . In order to adjust for differences in baseline clinical characteristics between the two treatment groups, the baseline variables that showed different distributions between the two treatment groups were included in a propensity score multivariate logistic regression model (Table 3) . After adjusting for the propensity to treat with combination therapy, the 28-day all-cause mortality was lower in patients who received combination therapy than in those who received single therapy in less severely ill patients with Pitt bacteremia scores of Ͻ4 (HR, 0.44; 95% CI, 0.20 to 0.98; P ϭ 0.044). For critically ill patients with Pitt bacteremia scores of Ն4, the 28-day mortality was not different between patients who received combination therapy and those who received single therapy (HR, 0.87; 95% CI, 0.47 to 1.62; P ϭ 0.660). These results were consistent when 14-day all-cause mortalities were compared. The 14-day all-cause mortality was significantly lower in patients who received combination therapy than in those who received single therapy in less severely ill patients with Pitt bacteremia scores of Ͻ4 (HR, 0.34; 95% CI, 0.12 to 0.92; P ϭ 0.035). For critically ill patients with Pitt bacteremia scores of Ն4, the risk of 14-day mortality was not different for patients who received combination therapy and those who received single therapy (HR, 0.99; 95% CI, 0.50 to 1.96; P ϭ 0.966). Less severely ill patients with a Pitt bacteremia score of Ͻ4 who received two antibiotics with in vitro activity against the gram-negative isolate also had lower 28-day mortality than those who received one antibiotic with in vitro activity (HR, 0.32; 95% CI, 0.12 to 0.84; P ϭ 0.021). For critically ill patients with Pitt bacteremia scores of Ն4, the risk of 28-day mortality was not different between patients who received one or two antibiotics with in vitro activity against the respective gramnegative isolate (HR, 0.89; 95% CI, 0.47 to 1.71; P ϭ 0.728) (Fig. 2) .
We did not observe an increased incidence of adverse events in patients who received combination therapy compared to those who received single therapy. Eleven (3.6%) of 304 patients developed C. difficile colitis with combination therapy during the index admission compared to 9 (2.3%) of 398 with single therapy (P ϭ 0.361). There was also no significant difference in the incidence of infections due to multidrug-resistant gram-negative organisms in patients who received combination and single therapy (10/304 [3.3%] and 13/398 [3.3%], respectively; P Ͼ 0.999). Similarly, there was no significant increase in the incidence of infections due to resistant grampositive organisms, such as methicillin-resistant S. aureus, following combination and single therapy (3/304 [1.0%] and 3/398 [0.8%], respectively; P Ͼ 0.999).
DISCUSSION
To our knowledge, no previously reported studies have examined the utility of combination antibiotic therapy with betalactams and fluoroquinolones in patients with bacteremia caused by gram-negative bacilli. In the current investigation, combination therapy was associated with lower 14-day and 28-day all-cause mortality rates among less severely ill patients with Pitt bacteremia scores of Ͻ4, and they represented 75.9% (533 of 702) of the entire cohort. There was a suggestion of a synergistic or additive effect of combination therapy, because less severely ill patients who received two antibiotics with in vitro activity against the respective blood isolate had lower mortality than did those who received one antibiotic with in vitro activity against the blood culture isolate.
Despite the substantial decline in mortality from bacteremia caused by gram-negative bacilli over the past 3 decades, our results are consistent with those of an investigation from 30 years ago that showed improved clinical response with combination therapy compared to single therapy in patients with bacteremia due to different gram-negative bacilli (2) . Other studies that reported a benefit from combination therapy were, for the most part, limited to selected gram-negative organisms (4, 14, 17). Our survey included patients with all types of bacteremia caused by gram-negative bacilli. The findings of our work have greater clinical application because they are not restricted in microbiological scope, and they are useful because treatment is begun in most patients before the identification of a blood culture isolate is done. Unlike studies that showed a survival benefit from combination therapy only in critically ill patients with bacteremia caused by gram-negative bacilli who had very high mortality (17) , the effect of combination therapy on mortality in our study was seen in less severely ill patients with Pitt bacteremia scores of Ͻ4 who had relatively low mortality, but not in critically ill patients with Pitt bacteremia scores of Ն4. One possible explanation is that mortality in critically ill patients might be impacted by factors other than bacteremia, such as systemic inflammatory response, multiorgan failure, and other acute comorbidities. On the other hand, mortality in less severely ill patients should be limited to bacteremia caused by gram-negative bacilli and its immediate complications.
Based on the sizable difference in mortality between patients with Pitt bacteremia scores of Ͻ4 and those with scores of Ն4 (6.9% versus 26.6%, respectively, in our study), stratifying patients by acute severity of illness is crucial in studies of bacteremia caused by gram-negative bacilli. Without such stratification, the overall mortality would be a reflection of the proportion of critically ill patients included in the study. Moreover, if patients in a certain treatment arm were more likely to be critically ill than those in the other treatment arm, not stratifying by acute severity of illness would mask a clinical benefit for that specific therapy. This lack of assessment is commonplace, as 6 (35%) of 17 studies included in a recent meta-analysis did not include an assessment of severity of illness in patients with bacteremia caused by gram-negative bacilli (25) . Finally, it is unlikely that the clinical benefit of adding fluoroquinolones in our investigation was due to overcoming resistance to beta-lactam antibiotics because the overall resistance of gram-negative bacilli to beta-lactam antibiotics was low.
The strength of our study is mainly its large sample size and the inclusion of adequate power in the primary overall analysis. Nevertheless, the study was not empowered to detect a difference in mortality in subgroups of patients divided on the basis of bacteremia due to a particular gram-negative organism, primary source of infection, or an individual class of betalactam antibiotics received. Using all-cause mortality as a primary outcome, blinding during the case ascertainment phase of the study, and defining the study hypothesis and aims prior to data collection reduced subjectivity and added strength to the study. Additionally, only 42 of 702 patients (6.0%) were lost to follow-up within 28 days of the onset of bacteremia, which is very impressive for a retrospective cohort study.
A propensity score analysis was utilized in order to adjust for the bias that can result in a retrospective design in which the treatment allocation is not randomized. Selection bias, or confounding due to important prognostic baseline differences among patients, often leads to biased estimates in observational studies (13) . For example, bias can result from unmeasured interactions in the diagnostic and treatment process, such as patients' or physicians' preferences. An individual's propensity score is defined as his/her conditional probability of a particular exposure versus another (i.e., combination versus single therapy), given the observed confounders. Therefore, akin to a randomized trial, there is balance of the measured confounders between exposure groups after adjusting for the propensity score (7, 23, 24) . To our knowledge, this is the first on November 10, 2017 by guest http://aac.asm.org/ study of bacteremia caused by gram-negative organisms to use a propensity score analysis to examine the effect of combination antibiotic therapy on outcome. The study has some limitations. First, this is a retrospective cohort study, so treatment allocation was not randomized. Despite adjusting for a large number of potential known confounders using propensity score analysis, it remains possible that there are unknown confounders that are not accounted for in the study. Other limitations are related to the generalizability of the study results. We used strict inclusion and exclusion criteria in the study. This allowed the elimination of considerable background noise by excluding patients with polymicrobial and recurrent bacteremia caused by gram-negative bacilli. In addition, excluding patients who received antimicrobial regimens that did not conform to our study's definitions of single-and combination antibiotic therapy limited the number of potential confounders and ultimately strengthened the statistical model. On the other hand, using strict criteria limited the study to a subset of patients with bacteremia caused by gram-negative bacilli, rather than the entire group. For example, many critically ill patients with P. aeruginosa bacteremia were excluded from the study due to the administration of aminoglycosides. Furthermore, in vitro resistance rates of gram-negative bacillus blood culture isolates to fluoroquinolone antibiotics at each institution need to be considered when interpreting the study results. There may be less benefit with fluoroquinolone combinations at institutions where higher resistance rates exist. Finally, we did not collect data on all adverse events, including QT interval prolongation. Our analysis of adverse events was limited to those events that occurred during the index hospital admission for bacteremia caused by gram-negative bacilli.
A double-blinded randomized clinical trial is the gold standard design to attempt to definitely confirm the notion that combination therapy for bacteremia caused by gram-negative bacilli is beneficial. Nonetheless, performing such a study requires a large budget and a prolonged period to enroll enough patients to secure an adequately powered study. During this time, resistance patterns of gram-negative bacilli could change, and new antimicrobials that make the study results clinically less relevant may become available. In addition, in an intention-to-treat analysis, many patients can receive alternative regimens to what they were randomly allocated to receive. For example, attending physicians may override the study protocol and administer a preferred antimicrobial regimen, particularly if patients clinically deteriorate.
Historically, studies of bacteremia caused by gram-negative bacilli have included beta-lactams with or without another class of antimicrobials. An examination of fluoroquinolone monotherapy for treatment of bacteremia caused by gram-negative bacilli has not been generally recommended; therefore, we excluded this group of patients. Based on the popularity of fluoroquinolone use in the adult population, however, subsequent investigations should include an examination of fluoroquinolone monotherapy in the treatment of this syndrome.
In summary, our results show that the empirical use of combination beta-lactam and fluoroquinolone antibiotics for bacteremia caused by gram-negative bacilli in the first 48 to 72 h after obtaining blood cultures, while awaiting identification of a gram-negative organism and the results of in vitro antimicrobial susceptibility tests, is beneficial in areas where gramnegative isolates have relatively low rates of resistance to fluoroquinolones. Considering the nephrotoxicity and minimal overall benefit from aminoglycoside antibiotic combinations in previous studies, combination therapy with fluoroquinolone and beta-lactam antibiotics for bacteremia caused by gramnegative bacilli appears more promising. Further examination is required before combination therapy can be routinely recommended.
